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Talk outline 
•  Background 
•  Overview of Centers’ research 
•  Estimating reproductive success and its 

influences 
•  Demographic analysis 
•  Modeling and theory 

•  Connections to management 
•  Strengths, challenges and opportunities 
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Background 
•  Long history of hatcheries for mitigation and 

population substitution 
•  More uncertainty about benefits to wild fish 

conservation 
•  In the judgment of the ISRP and the ISAB, the uncertainty concerning both the 

benefits and the risks of supplementation is sufficiently great to put the merit of 
supplementation into question as a recovery strategy. – Independent Science 
Advisory Board, 2005 

•  Evaluation of risk and benefits required by 2005 
NMFS hatchery policy 
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Estimating reproductive success and its influences 
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Results from multiple studies 
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single-year estimates (Figure S2). The likelihood-based
confidence intervals were calculated separately for each
sex, and only one of the 12 estimates had an upper
confidence interval that was greater than one (Fig. 2).
The confidence intervals also show that estimates deter-
mined to be ‘nonsignificant’ are associated with wide
confidence intervals and hence low power (Table S2;
Box 2). When looking at the individual point estimates
of RRS by year, even in cases where the point estimate
is greater than 1, the 95% confidence interval usually
extends well below 1 (Table S2).
The maximum-likelihood values, which are more

influenced by the F2 sample sizes, were very similar to
those obtained by geometric means weighted by F1 sam-
ple sizes (Fig. 2). Thus, for these studies, the particular
weighting scheme does not substantially influence the
overall results. Unweighted geometric means also yielded
similar results (data not shown). The observation that all
approaches to analyzing these data yielded similar results
bolsters the conclusion that the reproductive success of
early-generation hatchery fish is substantially lower than
that of wild fish.

Effects of hatchery rearing on males versus
females

The RRS of male and female hatchery fish compared
with their wild counterparts is positively correlated when
RRS values for males and females from the same popula-
tion and run year are compared (R2 = 0.41, P < 0.002;

Fig. 3). This correlation suggests that there are environ-
mental or genetic effects associated with hatchery propa-
gation that influences both sexes. Overall, hatchery males
tend to have lower RRS values compared with wild
males than do hatchery females compared with wild
females (Fig. 3). Male hatchery fish RRS is lower than
female hatchery fish RRS in 15 of 21 possible compari-
sons (71%; P < 0.046, G test for goodness of fit). Notice
that here we are comparing the fitness of hatchery males
relative to wild males versus the fitness of hatchery
females relative to wild females. This result suggests that
males may be more susceptible to environmental or
genetic changes caused by hatchery propagation, perhaps
due to relaxation of sexual selection (Th!eriault et al.
2011) or hatchery environments that promote early male
maturity (Ford et al. 2012).

Environmental versus genetic effects

In studies that compare the reproductive success of F1
hatchery and wild fish in the wild (results summarized in
Figs 1 and 2), one cannot typically disentangle genetic
from environmental effects because the two types of fish
experienced different juvenile environments (i.e., genetic
and environmental effects are confounded). Furthermore,
environmental and genetic effects are not mutually exclu-
sive and both may contribute to the reduced RRS of
hatchery fish. Disentangling the relative contribution of
genetic and environmental effects to the reduced fitness
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Figure 2 Maximum-likelihood estimates of RRS and their associated

95% confidence intervals combined across all years of each study.

Females are represented with orange circles and males as blue triangles.

Small brown circles represent geometric means weighted by F1 sample

size. Case studies are as follows: 1 Wenatchee River; 2 Umpqua River; 3

Hood River; 4 Malbaie River; 5 Little Sheep Creek; and 6 Johnson Creek

(see Table 1 for details).
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Figure 3 Differences in patterns of relative reproductive success

(RRS) between males and females, where RRS represents the repro-

ductive success of hatchery fish relative to wild-origin fish. Each

point represents a single run year from each of the case studies. The

solid line is the 1:1 line, and 15 of 21 (71%) possible comparisons

revealed that females had higher RRS than males from the same run

year.
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Factors influencing reproductive success 
•  Spawning location (spring Chinook) 
•  Age at maturity (spring Chinook) 
•  Broodstock heritage (steelhead) 
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Big picture analysis – effects of decades of 
supplementation? 

Scheuerell et al., Ecology and Evolution 2015 
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 Xi,t = Xi,t-1 + at + biSi,t + wi,t. (1) 169!

Here Xi,t is the true but unobserved density (log-transformed adults ha-1) of natural origin 170!

spawning adults from population i born in brood year t; at is an annual growth rate common to 171!

all populations (i.e., it reflects large-scale drivers of temporal variation); bi is the effect of 172!

supplementation on population i; and Si,t is the supplementation indicator described above for 173!

population i in brood year t. Finally, wi,t is a random process error representing environmental 174!

stochasticity. 175!

Specifically, we modeled annual population growth rate (at) as a first-order Markov 176!

process because the large-scale drivers of environmental variability important to salmon survival 177!

(e.g., upwelling currents, temperature) tend to be highly autocorrelated from year to year (Zabel 178!

et al. 2006; Scheuerell, Zabel & Sandford 2009). Thus, 179!

 at ~ N(at-1, p), and (2a)  180!

 a0 = 0. (2b)  181!

We set the initial growth rate (a0) equal to zero because its estimation is confounded with the 182!

initial state (Xi,0). 183!

 We treated supplementation effects as random and drawn from a normal distribution with 184!

mean mb and variance c. This allowed us to examine not only site-specific effects of 185!

supplementation, but also to evaluate the ESU-level mean effect of supplementation. Thus, if 186!

population i is within the supplemented set, then 187!

 bi ~ N(mb, c), (3)  188!

and bi = 0 if i is within the reference set. 189!



Effect on natural abundance is small 
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Similar analysis and results in other areas: 

•  Snake River sp. Chinook 
•  Oregon coast coho salmon 

(Buhle et al. 2009) 
•  Puget Sound Chinook (Ward et 

al. 2015) 
•  General patterns: 
• Small effects supplementation on 

abundance 
• Negative effects of 

supplementation on productivity 
10 



Modeling domestication - Ford 2002, Baskett and Waples 2013, Baskett et al. 2013 
 
•  Gene flow matters 
•  More wild fish in hatchery = 

less domestication 
•  More hatchery fish in wild = 

more change in wild 
population 

•  Weak wild populations most 
vulnerable to negative effects 

•  Sensitive to timing of selection 
and density dependence 

Wild Hat. 

Wild Hat. 
Baskett & Waples 85

et al. 2008; Hutchings & Fraser 2008). Hatcheries involve
partial-life-cycle captive rearing, taking in adults during
their return migration, or the migration of adults from
oceans to the river spawning grounds, and releasing the
offspring before outmigration, or the migration of juve-
niles from rivers to the ocean feeding grounds. Therefore,
hatchery-reared and wild fish inevitably interact at some
stages.

Here we rigorously test the intuitive logic of the simi-
lar and different strategies through a quantitative model,
with the goal of determining whether one strategy per-
forms better (i.e., has lower unintended fitness conse-
quences on the wild population) in general and, if not,
identifying the conditions under which each is more
effective at reducing unintended fitness consequences
on wild populations. A number of models applied to
selection in hatchery or aquaculture environments (e.g.,
Hutchings 1991; Lynch & O’Hely 2001; Tufto 2001; Ford
2002) provide insight into elements of this question, espe-
cially the influence of the amount of exchange between
the captive and natural population. We provide the first
integration of all of the dynamics relevant to the similar
and different alternatives, where both survivorship and
mating likelihood depend on trait differences driven by
selection, into a single model.

Methods

We base the model on a generic Pacific salmon (On-
corhynchus spp.) life cycle with coupled demographic
and genetic dynamics, where the evolutionary dynamics
represent a generic trait. One example of a relevant trait is
spawn time, a heritable trait under selection in hatcheries
(Hoffnagle et al. 2008) that affects both fitness and assor-
tative mating (i.e., fish spawning around the same time
are more likely to mate with each other; Hendry & Day
2005). From the coupled dynamics, we analyze how fit-
ness and demographic effects of the hatchery depend on
model assumptions with respect to life cycle timing and
density dependence.

Conceptual Model Overview

The model follows the coupled demographic-genetic dy-
namics through 4 major stages: reproduction, outmigra-
tion, ocean residence, and return migration (Fig. 1), with
census at the spawner stage just before reproduction. We
use a quantitative genetic model such that phenotypes
can assume a continuum of values depending on both
the underlying genotypes and random environmental ef-
fects. During reproduction, genotypes are inherited and
phenotypes depend on genotypes. We model assortative
mating with a correlation between phenotypes of individ-
uals in a mating pair (i.e., 2 individuals with more similar
phenotypes are more likely to mate) to account for the

Figure 1. Illustration of model dynamics (Eqs. 1–10).
Each time step represents a full life cycle. Within each
time step, the model steps through reproduction,
hatchery release, density-dependent mortality, ocean
survivorship and harvest, return migration
survivorship, and both hatchery and natural selection.
Both density-dependence and natural selection,
highlighted in red and with italics, can occur at either
outmigration or return migration, where the 5
orderings explored are, (1) as illustrated, which serves
as the default life cycle; (2) both density dependence
and natural selection on return migration, with
density dependence preceding selection; and, given
natural selection on outmigration, (3) density
dependence on outmigration before natural selection;
(4) density dependence on outmigration after natural
selection; or (5) density dependence on return
migration. Under the default life cycle, we explore
hatchery release after (dashed arrow) as well as
before (solid arrow, the default) density dependence.
The black dashed line between return migration and
spawning indicates any wild fish selected for the
hatchery, and the blue dashed line between return
migration and spawning indicates hatchery fish
escapement to spawn in the wild.

effect of phenotypic selection in the hatchery on mating
likelihood with wild individuals. We assume that per-
capita production of juveniles is higher in the hatchery
than in the wild, which is essential for any successful
hatchery program (Waples et al. 2007).

During outmigration, both hatchery release and
density-dependent mortality occur, with the relative tim-
ing of these events determining whether hatchery and
wild fish affect each other’s survivorship. During ocean
residence, we implement density-independent mortality
to model both natural and harvest survivorship. During re-
turn migration, 3 events occur: return migration survivor-
ship, hatchery removal, and natural selection. For return

Conservation Biology
Volume 27, No. 1, 2013



Connections to management – Hatchery Scientific 
Review Group 

•  HSRG guidelines for 
“integrated” hatcheries 
•  > 30% hatchery fish in wild 
•  > 10% wild fish in hatchery 
•  %Hatchery fish in wild < half 

%Wild fish in hatchery 
•  Rationale:  make sure evolution 

of combined hatchery/wild 
population is mostly driven by 
wild component 



Summary 
•  Hatchery fish reproductive success in nature < wild is typical, 

even using local broodstock 
•  Evidence for both environmental and genetic effects and 

interactions (in different studies) 
•  Spawning location 
•  Age at maturity 
•  Broodstock history 

•  Demographic analyses: 
•  Small effects of naturally spawning hatchery fish on wild 

population abundance  
•  Negative effects on productivity 

•  Supplementation most (only?) effective at very low densities 
•  Theory suggests gene flow, selection and when selection 

occurs in the life cycle are important for domestication 
13 



Strengths, challenges and opportunities 
•  Strengths 

•  Active research program that has moved the needle on the problem 
•  Science is being used by management 
•  Interdisciplinary approach 

•  Challenges 
•  Often controversial topic 
•  Conflicts between abundance and diversity 
•  Some questions (e.g., large scale interactions) essentially intractable 

without very large scale and long-term manipulations 
•  Opportunities 

•  Heading toward a consensus among federal, state, tribal agencies on a 
pragmatic approach to the problem. 

•  Greater appreciation for ecosystem interactions and hatcheries (e.g. 
marine mammals) 

•  New technologies such as cheap high throughput sequencing will help 
address some questions 



Thank you! 
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Extra slides 
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Non-random hatchery density might explain some 
large scale patterns 

U.S. Department of Commerce | National Oceanic and Atmospheric Administration | NOAA Fisheries | Page 17 

!
Source:  Eric Buhle et al. , NWFSC, in prep 

0 1000 2000 3000 4000 5000 6000

-3
-2

-1
0

1

spawners

lo
g 

(r
/s

)

Wenatchee 



Evidence for genetic cause of low RRS? 

Hatchery Stream 
Spawning environment 
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of early-generation hatchery fish is important for predict-
ing the long-term effects of hatchery fish spawning in
wild populations.
Three of the case studies (studies 1, 2, and 3) examined

the RRS of hatchery fish with different degrees of hatchery
ancestry. These hatchery fish were reared and released into
the same environment such that the effect of hatchery
ancestry could be isolated (Araki et al. 2007b, 2009; Chris-
tie et al. 2012a; Ford et al. 2012). One study (Hood River)
estimated RRS after an additional generation in the wild,
allowing for comparisons between wild fish with known
differences in recent hatchery ancestry. Finally, one of the
studies (Wenatchee River) also examined how several envi-
ronmental cofactors contributed to variation in RRS, pro-
viding more detailed insight into the role of environmental
effects on hatchery salmon RRS. Below, we discuss the
analyses presented in each of these studies.

Genetic effects

For 5 years in the Hood River, there were two types of
crosses performed in the hatchery. The first cross type sim-
ply used two wild fish as broodstock (RRS values reported
in Figs 1 and 2 are only for hatchery fish created using two
wild parents). The second cross type used one wild and one
first-generation hatchery fish. When the offspring from both
types of crosses spawned in the wild, those created using one

hatchery and one wild broodstock parent produced only
55–60% of the number of offspring produced by hatchery
fish with two wild parents (Fig. 4; Araki et al. 2007b).
Because the only difference between the fish spawning in the
wild was the hatchery background of one of their brood-
stock parents (all hatchery fish were reared together in a
common environment), this result suggests a genetic effect.
The Wenatchee Chinook and Umpqua coho studies

(Th!eriault et al. 2011; Ford et al. 2012) followed a similar
design to the Hood River steelhead study and compared
hatchery fish with different degrees of hatchery ancestry.
Unlike the Hood River case, neither study found significant
differences in RRS between the different types of hatchery
fish spawning in the wild, providing no evidence that
reduced RRS was due to genetic effects in these studies
(Fig. 4).
Further evidence for genetic effects comes from examin-

ing the fitness of wild-born, adult fish as a function of the
ancestry of their parents. Araki et al. (2009) is the only
study to date that has examined the reproductive success of
the wild-born F2 fish in the wild by assigning F3 fish back
to their F2 parents (i.e., extending the figure in Box 1 by an
additional generation). The F2 wild fish with two F1
hatchery fish as parents had only 37% the fitness of the F2
wild fish that had two wild fish as parents. By looking at
the reproductive success of the F2 generation, this study
showed that there are substantial ‘carryover’ effects
associated with having hatchery parents. This result sug-
gests a genetic effect because all F2 fish spent their entire
lives in the wild and illustrates that the fitness reduction
created by the hatchery can be passed on to the first wild-
born generation.
Additional evidence for genetic effects is found in studies

that observed a trade-off in fitness in captivity versus fitness
in the wild. Christie et al. (2012a) showed that F1 hatchery
fish perform better as broodstock than do wild fish, pro-
ducing almost twice as many returning hatchery offspring.
Also, when comparing among the wild broodstock, those
that performed the best in captivity produced fish that per-
formed the worst in the wild. Such trade-offs are consistent
with genetic adaptation to the captive environment with a
concomitant loss of adaptation to the wild. Using a similar
experimental design, Ford et al. (2012) also found a trade-
off in reproductive success for the Chinook salmon from
the Wenatchee River (case study 1). However, unlike in the
Hood River, the trade-off in reproductive success was only
found when considering the reproductive success of F1
males in the wild, but was not observed when considering
F1 females. In other words, broodstock pairs that per-
formed well in captivity (i.e., had high reproductive suc-
cess) produced large numbers of F1 male offspring that
performed poorly in the wild. This study also provided
insight into the mechanism creating the trade-off. The
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Figure 4 Reproductive success of hatchery fish spawning in the wild

relative to wild fish (RRS) calculated for each type of hatchery fish (i.e.,

those created using wild, hatchery, or both types of broodstock). Three

studies conducted different types of broodstock crosses in the hatchery.

In the Hood River, two types of broodstock crosses were performed

(H 9 W and W 9 W; where H equals hatchery and W equals wild). In

the Umpqua River, two different types of broodstock crosses were per-

formed (H 9 H and W 9 W). In the Wenatchee River, all three crosses

were performed. In all cases, only fish from the same run years were

compared. In the Hood River, fish with greater amounts of hatchery

ancestry had significantly lower reproductive success relative to wild fish

(RRS) than those produced by two wild parents, suggesting a genetic

effect. In the Umpqua River, there may be a slight trend, but it was not

significant, and no trend is present for the Wenatchee River. Note that

all RRS estimates for first-generation hatchery fish (W 9 W) were less

than one. RRS, relative reproductive success.

10 © 2014 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd
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